The recently reported photoswitching of diarylethene derivative molecules bridging carbon nanotube (CNT) contacts is theoretically analyzed. The short lifetime of the lowest unoccupied molecular orbital (LUMO) indicates that neither the open nor closed form of the molecule can be photoexcited into a charge-neutral excited state for any appreciable length of time preventing photochromic ring opening. Analysis of the highest occupied molecular orbital (HOMO) and LUMO lifetimes also suggests that photoexcitation results in oxidation of the molecules. This either reduces the quantum yield of photochromic ring closing, or it gives rise to the possibility of oxidative ring closing. Analysis of the resistance values and energy levels indicates that the HOMO energy levels of the closed isomers relevant for transport must lie within a few k B T of the CNT Fermi level. For armchair contacts, the change in resistance with isomer or substituent group is the result of shifts in the energy level of the molecular HOMO. The coupling of the molecular HOMO to the CNT contacts is insensitive to the isomer type or substituent group. For zigzag CNTs, the conductance is dominated by surface states at the Fermi level on the cut ends of the CNTs so that the conductance is relatively insensitive to the isomer type, and the conductance switching ratio is low. Multiple bridging molecules can interact coherently, resulting in energy splitting, shifting, and interference that cause a nonlinear change in conductance with increasing numbers of molecules. Instead of a factor of 3 increase in conductance expected for three independent channels, a factor of 10 3 increase in conductance is obtained for three bridging molecules.
I. INTRODUCTION
Obtaining switching functionality at the molecular scale is the ultimate limit of electronic device scaling. Switching upon light exposure is one interesting functionality implemented using photochromic molecules which change their isomer type upon light irradiation. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The particular molecules considered here are the diarylethene derivatives shown in Fig. 1 . In solution, the central ring of these molecules reversibly opens and closes upon visible light irradiation (VIS) and ultra-violet light irradiation (UV) as shown in Fig. 1 . 1, 15, 16 In a recent experiment, these molecules were attached between two carbon nanotube leads and the resistance was measured after exposure to VIS and UV. 10 In this paper, we theoretically analyze this system to understand its switching behavior.
Contacts can have a nontrivial, qualitative effect on the photoswitching properties of photochromic molecules. For example, diarylethene derivatives in solution switch reversibly from the closed to open form upon exposure to VIS and from the open to closed form upon exposure to UV. 1, 15, 16 When connected to gold contacts, however, the molecules switched irreversibly from the closed to open form with VIS, but they did not switch back to the closed form with UV. 2 In the recent experiment with diarylethene molecules bridging carbon nanotube (CNT) contacts, 10 the switching was also ira) Author to whom correspondence should be addressed. Electronic mail: rlake@ee.ucr.edu.
reversible but opposite to that observed with gold contacts. With CNT contacts, the molecules switched from open to closed with UV and did not switch back with VIS. In the experiment described by Whalley et al., 10 diarylethene derivative molecules were connected to CNT contacts with amide linkers as shown in Figs. 1(a) and 1(c). The conductance change resulting from the ring closing of the diarylethene molecule with pyrrole (NMe) and thiophene (S) substituent groups was measured. Following the notation of Ref. 10 , the molecule with the S substituent group will be denoted 1 and the molecule with the NMe group will be denoted 2, as shown in Fig. 1(c) . Upon UV irradiation, the open molecule closed, and the conductance increased. The pyrrole based device showed overall higher conductance compared to the thiophene based device. With subsequent UV irradiation, multiple conductance values were observed, and the switching ratio (the ratio of the conductance measured after and before UV irradiation) decreased significantly after the first switching cycle.
In this work, we model the experimental CNT-molecule-CNT system and find qualitative agreement with the trends in the conductance values and switching ratios measured in the experiment. We extract molecular state lifetimes from the transmission resonance widths to explain the irreversibility of the switching direction. The lifetimes suggest that photoexcitation results in oxidation of the molecules. We also explore the effect of the CNT's chirality upon the conductance switching ratio and find that the CNT chirality has significant effect on the switching ratio of the molecular device. We calculate The techniques used to analyze the electron transfer follow those used in Ref. 17 . The transmission is calculated as a function of energy, and the spectral function is plotted at the energies corresponding to the resonant peaks to understand the origin of the peaks. The previous paper focused on the effect of the CNT leads, their cut-angle, and their passivation on the conductance of a single π -cruciform molecule measured in the experiment described in Ref. 18 . It also calculated the image potential on the molecule resulting from the proximity of the CNT leads. That value is used here to understand the energy level alignment. This paper analyzes the effect of isomer type, open or closed, of the diarylethene derivatives on the transmission and coupling to the leads to explain the photoinduced conductance switching described in Ref. 10 .
II. THEORETICAL METHODS
Four different types of calculations are performed to investigate the photochromic switching properties of the experimental structures described in Ref. 10 . (1) The entire CNTmolecule-CNT structure is relaxed using the density functional theory (DFT), localized orbital, quantum-moleculardynamics code FIREBALL. [19] [20] [21] [22] [23] ( 2) The Hamiltonian matrix elements of the relaxed structure are used in the nonequilibrium Green function (NEGF) algorithm to calculate the surface self-energies, the Green function of the device, and the resulting transmission. (3) The molecular ionization potential (IP) and electron affinity (EA) of molecules 1 and 2 are evaluated using the PBE density functional 24 and the 6-311+G(3df,2p) basis set [25] [26] [27] with QChem 3.1 28 to analyze the alignment of the molecular orbital energies with the CNT Fermi level. (4) The lowest, gas-phase, photoallowed excitations in the open and closed isomers of molecules 1 and 2 are computed using time-dependent DFT (TDDFT) at the PBE/6-311+G(3df,2p) level 28 to analyze the amount of orbital relaxation upon photoexcitation. Details concerning these methods are described below, and further details can be found in Ref. 17 .
Separable, nonlocal Troullier-Martins pseudopotentials and the BLYP exchange-correlation functional [29] [30] [31] are used in the DFT code FIREBALL for step (1) . The foundation of the FIREBALL method is a self-consistent generalization of the Harris-Foulkes energy functional 32, 33 known as DOGS named after the original authors. 20, 21, 23 In the selfconsistent evaluation of the total energy, the charge density is based on the sum of confined atomiclike densities ρ(r) = i n i |φ i (r − R i )| 2 where n i is the occupation of localized orbital φ i centered at R i . 20 These orbitals are slightly excited due to hard wall boundary conditions imposed at certain radial cutoffs r c for each atomic species. The cutoffs are determined by an excitation energy of approximately 2.0 eV thereby preserving the chemical trends. The radial cutoffs for H, C, N, and O are given in Ref. 17 . This work also involved fluorine with a radial cutoff for the 2s orbital of 3.1 Å and a radial cutoff for the 2p orbital of 3.6 Å. All two and three center integrals are tabulated as functions of interatomic distances in advance and placed on interpolation grids. Quantum molecular dynamics simulations are performed by looking up values from the interpolation grids for each self-consistent time step. Structures are relaxed until all Cartesian forces on the atoms are < 0.05 eV Å −1 . A Fermi smearing temperature of 50 K and a self-consistent convergence factor of 10 −5 are used. The 1D Brillouin zone is sampled with 32 k-points during optimization.
The CNT leads of the CNT-molecule-CNT system are metallic and approximately 1 nm in diameter. Both (7, 7) and (12,0) CNTs are used. The CNT leads are covalently bonded to the diarylethene derivative molecules via amide linkers. An example is shown in Fig. 1(a) with armchair (7,7) CNT contacts. In creating the CNT-molecule-CNT structure, we find that 17 atomic layers (21.41 Å) of an armchair or zigzag CNT is slightly shorter than the length of the relaxed molecule plus amide groups (21.83 Å). This small mismatch in length does not cause any significant effect on the structural relaxation and transport properties when connected to the leads. We have verified this point by simulating one structure with the molecular window size exactly the same as the relaxed molecule size. The cut ends of the CNTs are passivated with hydrogen atoms. Each CNT contact is at least eight atomic layers (1 nm) in length from the molecule interface to each supercell edge.
Once the structure is relaxed, the Hamiltonian matrix elements are used in the nonequilibrium Green function algorithm to calculate the surface self-energies, the Green function of the device, and the resulting transmission. 17, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] The surface self-energies for the left and right open boundaries, and r , are calculated from the matrix elements of the end layers of the relaxed supercell. These matrix elements are used in a decimation algorithm as described in Refs. 36, 50-51. The retarded Green function is calculated from
where E is the energy, S D is the overlap matrix of the device, and H D is the Hamiltonian matrix of the device. The "device"is defined as the finite region between the two open boundaries.
The transmission spectrum, T (E), is calculated from the standard Green function expression. 17, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] 
where the indices 1 and N in Eq. (1) indicate the first and last block layers of the CNT, respectively, 1,
and N ,N = i( r − r † ). The current is obtained from
where f (E) is the Fermi function, and μ L and μ R are the electrochemical potentials of the left and right contacts, respectively. The room temperature, zero-bias conductance is calculated from the derivative of the current with respect to the voltage.
where E f is the Fermi energy. Further details of our approach can be found in Ref. 50 .
To understand the alignment of the molecular orbital energies with the CNT Fermi level, the molecular ionization potential and electron affinity are evaluated using QChem 3.1 (Ref. 28 ) by computing the gas-phase energies of the neutral, cation, and anion molecule using the PBE (GGA) density functional 24 and the 6-311+G(3df,2p) basis set. [25] [26] [27] The IP and EA are then renormalized by the image potential resulting from the induced charge on the CNTs and the polarization of the SiO 2 substrate. The magnitude of the image potential is estimated to be 1 eV. Further details of calculations (1)- (3) including a full description of the image charge calculation are given in Ref. 17 .
III. RESULTS

A. Armchair CNT contacts
The CNT-molecule-CNT system with (7,7) armchair CNT contacts as shown in Fig. 1(a) is modeled for the open and closed isomers of 1 and 2. Relevant energies, angles, and resistances are given in Table I . The dihedral angles of the open and closed isomers remain very close to those of the isolated molecules shown in Table II .
The effect of photoswitching on the electron or hole transport can be understood by analyzing the transmission spectra and spectral functions of 2. The analysis is qualitatively identical for 1. The transmission spectra of open and closed 2 are shown in Fig. 2 . The resistance values, calculated from the inverse of Eq. (3) are shown in the last column of Table I . The transport is mediated by the resonant peak closest to the Fermi energy. These are the transmission peaks labeled 2 and 3 for the open and closed isomers, respectively, in Fig. 2(a) . This peak results from coupling of the molecular TABLE I. Calculated values for 1 and 2 bridging (7,7) CNTs. The dihedral angle, the relative position of the calculated HOMO resonance with respect to the CNT Fermi level (E f -ε H ), the FWHM of the HOMO resonance, H , the FWHM of the LUMO resonance, L , and resistance, R. The dihedral angle is defined as the angle between planes 1 and 2 in Fig. 1(a) . HOMO to the CNT leads. The resistance depends on the energy of the peak with respect to the Fermi level, E F − H , shown in Table I . The farther the peak is from the Fermi energy, the higher the resistance will be at zero bias. The resistance also depends on the resonance full width at half maximum (FWHM) labeled H in Table I . The larger the resonance width, the smaller the resistance will be. The HOMO resonant width is only moderately affected by either the substituent group or the isomer. The resonant width of the closed isomers is slightly less than that of the open isomers. The coupling of the HOMO to the CNT leads through the amide linkers remains relatively constant independent of substituent group or isomer.
Thus, the change in the resistance is dominated by the change in the HOMO energy level as a result of either changing the isomer from open to closed or changing the substituent group. The molecules and isomers that have HOMO energy levels closer to the CNT Fermi level show lower resistance. Hence, calculation of the frontier energy levels of the isolated molecules provides an a priori estimation for the expected resistance differences between the two different molecules and isomers when connected to the CNT. The resistance of 1 is, overall, less than the resistance of 2. The conductance switching ratio (the ratio of the conductance of the closed and open isomers) of 2 is larger than the switching ratio of 1. The quantitative values of the switching ratios are 32 for 1 and 3200 for 2. In summary, with armchair CNT contacts, the transmission is the result of resonant tunneling through the molecular orbitals. Shifting the molecular orbitals by opening and closing the molecule shifts the transmission peaks in energy which causes large changes in the conductance.
B. Zigzag CNT contacts
To investigate the effect of CNT chirality on the conductance switching, the (7,7) armchair contacts are replaced with (12,0) zigzag contacts. The dihedral angles of the molecules and the resistances are given in Table III . The dihedral angles of the open and closed isomers are little changed from those with armchair CNT contacts. The trends in the HOMO energy differences are not listed since they are difficult to define as we will describe in more detail below. The resistance switching ratio falls from 32 and 3200 to 2.4 and 2.6 for 1 and 2, respectively. Contrary to the armchair case, this cannot be explained by the shift in the HOMO levels. The insensitivity of the resistance to the position of the molecular HOMO levels with zigzag CNT contacts is the result of surface states which form on the cut ends of the CNTs. The relative independence of the resistance to the open or closed isomer form can be understood by analyzing the transmission spectra. The transmission spectra of the closed (solid line) and open (dashed line) isomers of 2 are shown in Fig. 3(a) . The inset shows the peaks near the Fermi level. For the closed isomer, there is one large, multiply split peak at the Fermi energy. This peak is the result of hybridization of the molecular HOMO with the surface states on the cut ends of the CNTs. For the open isomer, the molecular HOMO moves down in energy giving rise to the transmission peak labeled 2 qualitatively identical to the transmission peak labeled 2 with armchair contacts in Fig. 2(a) . As with the armchair contacts, the HOMO also splits into two orbitals, with each orbital weighted more heavily on one side or the other side of the open ring as shown in Fig. 2(b) . However, there still remains a large transmission peak at the Fermi level shown in the inset of Fig. 3(a) . This broad peak at the Fermi level is the result of surface states on the cut ends of the CNTs. The presence of surface states on the cut ends of H-passivated, zigzag CNTs resulting in a transmission peak at the Fermi level is consistent with our previous results and the results of others. 17, [52] [53] [54] The transmission peak at the Fermi level is relatively independent of the isomer form and the position of the molecular HOMO levels. Therefore, the resistance is relatively independent of the isomer form, and the switching ratios for 1 and 2 fall from 32 and 3200, respectively, with armchair contacts to 2.4 and 2.6 with zigzag contacts.
C. CNT versus gold contacts
One major contrasting feature between CNT contacts and gold contacts is that with gold contacts the dithienylethene derivatives switched from closed to open with visible light excitation but not from open to closed with UV excitation. A study of diarylethenes on gold nanoparticles suggested that this was the result of quenching of the excited state of the open isomer by resonance energy transfer with the gold nanoparticles. 6 Calculations of the ground and excited molecular state as a function of the the distance between the carbon With CNT contacts, the HOMO of both the open and closed isomer can be depopulated by photoexcitation for a time that is on the same order as the time required for nuclear relaxation. However, the lifetime of the LUMO of the closed isomer of τ = 30 fs and the lifetime of the LUMO of the open isomer of τ = 7 fs are far shorter than any nuclear relaxation process. After photon absorption, the probability of finding the excited electron on the molecule is e −t/τ . Thus, for both the open and closed isomer, the photoexcited electron has a high probability of transferring into the CNT leads before nuclear relaxation can occur. Photoexcitation of the molecule connected to CNT leads through an amide bond should, in effect, oxidize the molecule. The molecule will remain oxidized for the lifetime of the HOMO level, after which it will be neutralized by injection of an electron from the Fermi sea of the CNTs. Thus, both the open and closed form can be oxidized by photoexcitation; however, neither form can be photoexcited into a charge-neutral excited state for any appreciable length of time.
The lifetimes used in the above analysis are extracted from the transmission spectrum of the ground-state of the system. However, the ground-state orbitals are not necessarily a good representation of the orbitals of the photoexcited state. To examine the importance of orbital relaxation upon photoexcitation, the lowest, gas-phase, photoallowed excitation of the isolated molecule is computed using time-dependent density functional theory with the PBE functional and the 6-311+G(3df,2p) basis set for both the open and closed isomers of molecules 1 and 2. The excitation energies and character of the leading determinants describing the excitation are given in Table IV. For molecule 1, the first excited state in both the closed and open isomers can be almost completely described as a pure HOMO → LUMO transition. This configuration occurs with amplitude greater than 0.9 in both conformations. In other words, very little electronic orbital relaxation happens when the LUMO orbital is occupied by the excited electron. The excited state is well represented in terms of the ground state orbitals by taking an electron from the HOMO and placing it in the LUMO. Molecule 2 presents a slightly more complicated picture. The excitation of both the closed and open isomer is now more appropriately described as a mixture of configurations. For the closed isomer, the excited state is a combination of the configuration in which one electron from the HOMO is promoted to the LUMO (weight 0.841 2 ⇒ 70.7%) and the configuration in which that same electron is placed in the LUMO+2 orbital (weight 0.518 2 ⇒ 26.8%). This indicates a moderate degree of electronic relaxation upon excitation. Table IV For 1, approximating the lifetime of the excited state by the lifetime of the ground state LUMO is clearly a very good approximation. For closed 2, the excited state can be viewed as a coherent superposition of the ground-state LUMO and LUMO+2, and for open 2, the excited state is a coherent superposition of the ground-state LUMO and LUMO+1. Considering open 2, and representing the excited state |e , as a linear combination of the LUMO and LUMO+1, |e = c 0 |L + c 1 |L + 1 , a model with diagonal coupling of the states to the CNT leads gives an energy broadening, , of the mixed state as = P 0 0 + P 1 1 , where P 0 = |c 0 | 2 , P 1 = |c 1 | 2 , 0 is the full-width, half-maximum of the LUMO resonance, and 1 is the full-width, half-maximum of the LUMO+1 resonance. The corresponding lifetime is τ =¯/ .
An estimate for the minimum value of the broadening of the mixed state is min = P 0 0 . Therefore, for open 2, taking P 0 = |c 0 | 2 = 0.755 from Table IV , min = 17 meV. This gives an estimate for the maximum lifetime of the mixed state resulting from coupling to the leads of τ max =¯/ min = 40 fs. This lifetime is still less than half the minimum time predicted for nuclear relaxation. For closed 2, the same estimation procedure gives min = 64 meV and τ max = 10 fs. Thus, the maximum estimate of a lifetime of an excited state is 40 fs and the above discussion suggesting oxidation before nuclear relaxation is still valid.
A consideration of the HOMO and excited-state lifetimes suggests that photoexcitation results in a high probability of oxidation of both the open and closed isomers before nuclear relaxation occurs. The 10 fs excited state lifetime of the closed isomer is particularly short. It is likely that the inability to populate the LUMO of the closed isomer prevents photochromic ring opening. Even for the open isomer, the lifetime of 40 fs means that the excited electron has a 92% probablility of escaping into the CNT leads before the shortest estimated time for nuclear relaxation of 100 fs. This would result in reduced quantum efficiency for photochromic ring closing.
Another possibility to consider is that ring closing may be the result of photoassisted oxidation as opposed to photoexcitation. Electrochemical oxidative ring opening and ring closing have been observed in similar molecules. 57, 58 Closed hexafluorocyclopentene dithienylethenes with phenyl groups at the C5 position of the thienyl rings opened upon oxidation, and the opened form did not oxidatively close. 57, 58 Adding methoxy groups at the C4 position of the phenyl rings reversed the behavior resulting in oxidative ring closing to a closed form that did not oxidatively open. 57, 58 The direction of oxidative switching could be controlled by the substituent group on the phenyl rings. The system of Whalley et al. shown in Fig. 1(c) is comparable to the second case. Instead of methoxy groups at the C4 position of the phenyl rings, there are amide-CNTs. Since photoexcitaiton oxidizes the molecules, the mechanism for ring closing could be oxidative instead of photochromic.
Our calculations only provide lifetimes which can be used to determine the probability of certain events occuring, such as oxidation, within a certain period of time. The short 10 fs lifetime of the closed photoexited state suggests that photochromic ring opening is highly unlikely. One hundred femto-seconds after photoexcitation, the molecule is oxidized with a probability of (1 − 4.5 × 10 −5 ). Furthermore, electrochemical oxidative ring opening is not seen in the similar system with methoxyphenyl groups. However, both oxidative and photochromic ring closing are observed in that similar system. The longest lifetime calculated for the photoexcited state of the open isomer of 40 fs gives a greater than 92% probability that the molecule is oxidized by 100 fs which is the shortest estimate for the nuclear relaxation time. This either reduces the quantum efficiency of photochromic ring closing, or it allows for the possibility of photoassisted, oxidative ring closing.
Reversible switching in gold connected photochromic molecules was obtained by linking the molecule through the meta position of the end aryl rings. 11 To understand if connection through the meta position of the end aryl rings could also result in increased excited-state lifetimes with CNT contacts, an armchair, CNT-molecule-CNT system was modeled in which the amide linkers were attached at the meta position of the end aryl rings of the molecule as shown in Fig. 4(a) . The transmission spectra for the open and closed isomers of the meta connected molecule are shown in Fig. 4(b) . One can readily see a narrowing of the LUMO resonance and overall decrease of transmission over the entire energy range compared to the para connected molecule for both the open (dashed line) and the closed (solid line) isomers [compare to the transmission in Fig. 2(a) ]. The resulting energies and angles are listed in Table V . The resonant widths, , for all HOMO resonances are reduced by 1-2 orders of magnitude. The resonant widths of the closed LUMO resonances are reduced from 90-100 meV to 4.7-5 meV. Thus, the lifetimes of the closed LUMO resonances increase from 7 to 130-140 fs. Even though this lifetime is still relatively short, the increase in the lifetime would translate into an increase in the efficiency of the reversible switching with visible excitation.
D. Multiple molecule switching
The experimental data show multiple switching steps in the conductance which suggests the possibility of multiple molecules bridging the CNTs. It is estimated that, experimentally, there could be as many as eight molecules bridging the CNTs of diameter ∼2.4 nm. 10 For the ∼1.1 nm diameter (7,7) CNT used in these simulations, as many as three molecules can bridge the CNTs. To understand the effect of multiple molecules bridging the CNTs, three open molecules are placed between two (7,7) CNTs, relaxed, sequentially closed, and the transmission and conductance is calculated for each configuration. The switching ratios observed in these cases should give us an understanding of the relative TABLE V. Amide linkers connected to the meta position of the aryl rings. Calculated values for 1 and 2 bridging (7,7) CNTs. The dihedral angle, the relative position of the calculated HOMO resonance with respect to the CNT Fermi level (E f -ε H ), the FWHM of the HOMO resonance, H , the FWHM of the LUMO resonance, L , and resistance, R. switching ratios of sequential ring closures. Also it will allow us to examine if the molecules behave individually or if their frontier energy levels mix to give rise to different transport properties than that of the individual molecules. Table VI , and they should be compared with the resistances of a single molecule 2 shown in Table I .
With one molecule closed, Fig of the HOMO resonance of a single closed molecule at -0.04 eV (from Table I ). Note that the resistance with two closed molecules increases slightly from that of the 1-closed configuration. This is the result of two things. The first reason is that the position of the highest resonance is 6 meV lower than the highest resonance with one closed molecule. The second reason is that when there are multiple molecules in the same state, there is a "zero"between each transmission "pole"resulting from molecules in the same state, open or closed. 59 This effectively narrows the width of the highest resonance. The resonance width of the highest HOMO resonance for a single closed molecule is 1.6 meV, and the resonance width of the highest HOMO resonance for two closed molecules is 1.1 meV. Since conductance is proportional to the resonance width, this also serves to increase the resistance. Therefore, because of the coherent interaction between the orbitals on the different molecules there is an energy shift, and also destructive interference which results in zeros between the poles in the transmission spectrum.
In contrast to the photochromic molecules studied here, the HOMO level of the π -cruciform molecule studied in Ref. 17 was within a few k B T of the Fermi level, and the energy splitting and shifting resulting from two bridging molecules had a relatively small effect on the conductance. 
E. Energy levels
Properties of the isolated isomers of 1 and 2 with amide groups terminated with H are calculated both with FIRE-BALL and with QChem as described in Sec. II. The adiabatic ground state total energies, geometric angles, and frontier orbital energies calculated by FIREBALL are given in Table II . The total energies, angles, adiabatic ionization potentials, and vertical electron affinities calculated with QChem at the PBE / 6-311+G(3df,2p) level are given in Table VII . The values obtained from the two different sets of simulations are similar, but more importantly, the trends are the same, and they are also consistent with previous theoretical calculations. 1, 10 Important trends for explaining the experimental results are the relative energies of the open and closed forms of the molecule, the difference in the HOMO energy between the open and closed form of the molecule, and the difference between the HOMO levels of 1 and 2.
As expected, the Kohn-Sham orbital eigenvalues (e.g., as presented in Table II ) place the HOMO too high and the LUMO too low compared to the negative of the IP and EA values listed in Table VII . Nevertheless, both models predict a similar trend: closing the ring shifts the HOMO or IP more for structure 1 than it does for structure 2. Furthermore, the HOMO levels of 1 are, overall, lower than the HOMO levels of 2.
Adding the image potential of 1 eV to the negative of the ionization potential gives the estimated position of the HOMO energy. These values are listed in the last column of Table VII . There is considerable uncertainty in these numbers. Benchmark calculations on small-molecule IP values suggest an absolute mean (max) error of 0.16 eV (0.5 eV) in the predicted IP using this density functional and basis set, 60 and there are also several tenths of an eV of uncertainty in the image potential.
What is important for transport is the alignment of the HOMO level with the Fermi level of the CNTs. Adding to the uncertainty of the molecular HOMO levels, there are also several tenths of an eV of uncertainty in the workfunction of the CNTs. Reported values range from 4.7 to 5.1 eV. [61] [62] [63] [64] [65] We can use the experimental data to obtain some insight concerning level alignment. In all cases, the closed isomer results in a lower resistance than the open isomer. Our calculations indicate that the resistance change is dominated by the energy level shift of the HOMO. Therefore, the HOMO energy of the closed isomer must be closer to the CNT Fermi energy than the HOMO energy of the open isomer.
The low resistances obtained experimentally for the closed isomers of 1 and 2 of 0.2 and 0.13 M , respectively, indicate that the HOMO levels must lie close to the Fermi level of the CNTs. The resistance values that we obtain theoretically for 1 and 2 are 2.5 and 0.64 M , respectively with armchair contacts and 0.18 and 0.16 M , respectively, for metallic zigzag contacts. For the armchair contacts, the HOMO resonant peaks of 1 and 2 resulting from the DFT/NEGF calculation are 78 and 38 meV, respectively, below the Fermi level. Table I shows that lowering the resonant peaks by 100 meV or more results in a one or more order of magnitude increase in the resistance. Thus, to obtain orderof-magnitude agreement between theory and experiment, the transmission resonances of the closed isomers must lie within a few k B T of the Fermi level. We note that this was also true for the π -cruciform molecule modeled in Ref. 17 and measured in Ref. 18 .
Our DFT/NEGF theoretical switching resistance ratios for the armchair CNTs are also similar to the experimental values. The calculated resistance switching ratios for 1 and 2 are 32 and 3200, respectively. The experimental switching ratio for 1 is 24, and the initial experimental switching ratio for 2 with semiconducting CNT contacts is ∼ 10 5 . Since the resistance is exponentially dependent on the position of the resonant level, the reasonable agreement between the experimental and calculated resistances and switching ratios gives some credibility to the energy level alignments shown in Table I .
IV. SUMMARY
In summary, we have theoretically analyzed the conductance properties of photochromic diarylethene derivative molecules bridging CNT contacts that were recently reported in Ref. 10 , and our calculated trends in resistance match well with the experimental data.
For armchair contacts, the change in resistance with isomer or substituent group is the result of shifts in the energy level of the molecular HOMO. The isomer type has little effect on the resonant transmission width.
For zigzag CNTs, the conductance is dominated by surface states on the cut ends of the CNTs. With zigzag CNT contacts the conductance is relatively insensitive to the position of the molecular HOMO. Therefore, the conductance is relatively insensitive to the isomer type or substituent group, and the switching ratio of about 2.5 between the open and closed isomers is low.
Analysis of the resistance values and energy levels suggests that the HOMO energy levels of the closed isomers relevant for transport must lie within a few k B T of the CNT Fermi level.
Multiple bridging molecules can interact coherently resulting in energy splitting, shifting, and interference. The result is that the increase in conductance with increasing number of channels is nonlinear. With the HOMO of the open isomer 200 meV below the Fermi level, the energy splitting results in a 10 3 increase in conductance and decrease in conductance switching ratio.
The inability to photoswitch from the closed to open form is the result of the strong coupling of the LUMO of the closed isomer to the CNT contacts. The lifetime of the excited state of closed 1 and 2 is between 7 and 10 fs. Thus, the state cannot be populated by photoexcitation, so photochromic ring opening does not occur. Furthermore, the 40 fs lifetime of the photoexcited open isomer indicates that photochromic ring closing has low quantum efficiency, or that oxidative ring closing may be occuring. Connecting the amide linkers to the meta position of the aryl ring increases the lifetime of the closed LUMO resonances to 130-140 fs which should translate into an increase in the efficiency of reversible switching with visible excitation.
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